Deposition of wax on a cold surface is a serious problem in oil production. Progress in developing more effective wax inhibitors has been impeded by the lack of an established mechanism connecting the molecular structure to inhibitor efficiency. Some comb-like polymers having long alkyl side chains are known to decrease the rate of wax formation. Among several possible mechanisms, we investigate here the incorporationperturbation mechanism. According to this mechanism, the inhibitor molecules in oil are preferentially partitioned (incorporation) toward the wax-rich (amorphous) wax deposits (soft wax), which then serves as a perturbation to slow down the ordering transition of soft amorphous wax into more stable but problematic hard wax crystals. Indeed, molecular dynamics simulations on an effective inhibitor molecule in both the oil phase and in the amorphous wax phase support the idea that the oil-to-wax partition of the inhibitor is energetically favorable. With the inhibitor molecule embedded, the structure of wax crystal is disturbed, significantly decreasing the order and significantly lowering the cohesive energy density relative to that of the pure wax crystal, supporting the slower transition from soft wax to hard wax. Thus, in the presence of an effective wax inhibitor, crystallization (formation of hard wax) is slowed dramatically, so that there is time to flush out the soft wax with a high-pressure flow inside the pipeline. This suggests design principles for developing improved wax inhibitors.
Introduction
One of the serious problems in oil production, particularly in the deep-water production, is the deposition of wax on the oil pipe walls. [1] [2] [3] [4] [5] [6] [7] This occurs when high-melting-point components in the hot crude oil, usually high-molecular-weight alkanes called paraffins, contact cold pipe walls (Scheme 1). [8] [9] [10] The rate of wax deposit is controlled by the wax content in the crude oil and by the temperature gradient between the outside cold temperature and that inside the pipeline. The wax deposit causes flow problems in oil production and transportation.
Several polymers having long alkyl side chains, so-called "comb-like" polymers, are known to decrease the rate of wax formation (Scheme 1). 7, [11] [12] [13] [14] [15] [16] [17] Acrylate and methacrylate polymers have been known for several decades as commercial flow improvers and wax inhibitors, 8, 11, 18, 19 but none is sufficiently effective. Other more complex backbones containing nitrogen have shown some improvement. Progress in developing more effective inhibitors has been impeded by the lack of an established mechanism connecting the molecular structure to inhibitor efficiency. In this study we used molecular dynamics (MD) techniques to investigate the enthalpic aspect of the molecular-level interaction between a wax and a wax inhibitor in oil. This interaction is believed to be sufficient to explain the observed wax inhibition process at a few parts per million.
Speculations on the steps of wax formation lead to several possible mechanisms of wax inhibition, each of which might block or at least slow down one of the steps.
Mechanism 1 (Sequestering). Above the wax melting temperature, paraffin molecules are still soluble in oil. However, when the temperature cools down below a certain point, highmolecular-weight paraffin can form a solid phase (wax). This temperature is called the wax appearance temperature (WAT). Certain chemicals (wax inhibitors) can lower the WAT and slow down the wax formation process. One of the possible mechanisms of these inhibitors is that they might bind to paraffin molecules quite favorably out of the oil phase because of the favorable van der Waals (vdW) interaction of the long paraffin chains with the long side chains of the inhibitors. It is our hypothesis that the association constant between inhibitor and wax molecule might play a role in lowering the WAT. These favorable interactions would significantly lower the chance that the paraffin molecules gather together to form wax aggregates, thereby slowing down or blocking the nucleation process.
Mechanism 2 (Incorporation-Perturbation). When the solution temperature nears the cloud temperature (or WAT), wax molecules start to gather together to form wax aggregates. These wax aggregates incorporate wax inhibitors when present. Once the inhibitor molecules have been incorporated into the wax aggregates, their presence perturbs or retards the ordering transformation of the amorphous wax aggregate (soft wax) into the problematic ordered phase (hard wax). This delay favors the chance that the wax aggregates are swept away in the oil production streamflow before the wax hardens.
Mechanism 3 (Inhibitor Adsorption on Wax Crystals). In this mechanism, inhibitors are preferentially adsorbed on the wax nuclei growing surfaces. Their presence blocks the growth of hard wax deposits. The overall effect of surface blocking is to reduce the WAT and to slow down the wax deposition process. This has been investigated in a modeling study of Duffy and co-workers. [20] [21] [22] Mechanism 4 (Inhibitor Adsorption on Pipe Walls). It is also possible that inhibitors are adsorbed on pipe walls favorably. Adsorption of inhibitors on pipe walls would provide an irregular surface, thereby inhibiting the adsorption and diffusion of paraffin molecules to form wax crystals on cold pipe walls.
Among the various hypotheses of the wax inhibition mechanism, we consider that the formation of soft wax (Mechanism 2) is the most likely the process. In our internal laboratory tests, a gel-like wax is formed in the early deposition stage. However, it is not clear whether the formation of the gel-like (amorphous) wax is favored thermodynamically. Thus, our study focuses on investigating the behavior of wax inhibitor molecules in an oil phase on an amorphous wax phase and in a crystalline wax phase, processes which underscore the incorporation-perturbation mechanism (Mechanism 2).
Our hypothesis is as follows: if an inhibitor tends to coaggregate with wax molecules (i.e., preferentially incorporate into a wax aggregate from the oil phase), the presence of the inhibitor inside the wax aggregate would retard the ordering transformation (second step of wax formation) of the amorphous wax aggregate (soft wax) into the problematic ordered phase (hard wax), because the cohesive energy density (CED) of the crystalline wax, which is essentially the driving force of the ordering transformation, would be much smaller in the presence of an entangled inhibitor inside. Thus, formation of the hard wax would be delayed in the presence of the inhibitors, allowing the soft wax aggregate to exist long enough that it could be wiped out by the streamflow before forming the hard wax. A key test of this hypothetical mechanism is to determine whether inhibitors tend to be incorporated preferentially into the wax aggregates out of the oil phase. We investigated this mechanism by MD calculations of the energetics of the following steps.
A. Incorporation of a Comb-like Wax Inhibitor from the Oil Phase into the Still Amorphous Wax Phase Is Energetically Favorable. This is shown in Section 4 by calculating the incorporation energy (E incorp ), the energy change between the two states, before and after incorporation (Scheme 2). Because the actual incorporation process is difficult to simulate, and since the initial-and final-state energetics are pathway independent (thermodynamic state functions), we instead approximated the before-incorporation energy (E before ) as the sum of the energies of two separate systems:
(1) oil with an inhibitor inside (upper left; E 1 ), and (2) pure wax (amorphous or crystalline) (lower left; E 2 ). Likewise, the after-incorporation energy (E after ) was approximated as the sum of the energies of two separate systems: (1) pure amorphous wax (upper left), (2) amorphous wax containing an inhibitor inside (lower left), (3) pure crystalline wax (upper right), and (4) crystalline wax containing an inhibitor inside (lower right).
We use an oligomer of poly(octadecyl acrylate) (PODA), one of the most promising wax inhibitors, as the model inhibitor. The amorphous wax phase was modeled by a periodic bath of liquid-like n-dotriacontane (n-C 32 ), and the crystalline wax phase SCHEME 2: Incorporation Energy of an Inhibitor from Oil to Wax SCHEME 3: Incorporation-Perturbation Mechanism of Wax Inhibition a a Once inhibitors (shown in yellow and red) are incorporated favorably from oil into amorphous wax (both shown in gray) (1 f 2), the crystallization of the soft wax into the hard wax is perturbed and delayed by the presence of the inhibitor inside (2 f 3 rather than 1 f 4). The delayed crystallization is eventually completed with the favorable release of the inhibitors back into the oil phase (3 f 4). Overall, the hard wax is formed by the route of 1 f 2 f 3 f 4. This process is expected to be much slower than a direct crystallization 1 f 4. Thus, in the presence of inhibitor, the hard wax formation would be delayed, allowing the soft wax more time to be wiped out by the streamflow.
was modeled by a periodic cell of well-ordered n-C 32 . The oil phase was modeled by a periodic bath of liquid-phase n-heptane (n-C 7 ).
Calculation Details

Model Inhibitor.
A comb-like wax inhibitor is characterized by its backbone structure, tail length (number of carbons in a long alkyl tail), and spacer width (number of short tails between adjacent long tails). Different spacer widths are represented by the different number ratios between long tails and short tails. The performance, which is represented by the inverse of the amount of wax deposited in the presence of the inhibitor, varies across these structures.
Acrylate polymers with long alkyl side chains have been known as effective commercial flow improvers. 8, 12 PODA is one of the most representative comb-like wax inhibitors ( Figure  1 and Table 1 ). A decamer of syndiotactic PODA (PAA1, MW 3276) was chosen as a model inhibitor representing the PODA. A degree of polymerization of 10 might be too small to model a polymeric moiety, but a PODA with 8-10 monomer units was shown to inhibit wax formation, 11 as was a poly(octadecyl methacrylate) with a degree of polymerization of 10-11. 23 2.2. Model Oil, Model Wax. We chose n-C 7 (T m ) 182.586 K; 24 T b ) 371.6 K 25,26 ) as the oil solvent and n-C 32 (T m ) 342.5 K; 26,27 T b ) 740.2 K 26,28 ) as the wax compound of theoretical modeling. A mixture of paraffin wax compounds between C 24 to C 36 with a peak at C 31 were used in the laboratory testing ( Figure 2 ). The n-C 32 is one of the components having the largest contributions. The n-C 32 was the largest fraction in another testing. 6 2.3. Force Field (FF) for n-Alkanes (Oil, Wax, Tail of Inhibitor). The methylene (CH 2 ) and methyl (CH 3 ) groups in n-alkanes (oil solvent, wax, and long alkyl tails of inhibitors) were treated as united atoms, that is, each CH 2 or CH 3 unit was treated as a single neutral pseudoatom. The FF for these united atoms was mostly taken from the Siepmann-KaranorniSmit (SKS) FF. [29] [30] [31] The bond-stretching force constant, which is not in the original SKS FF, was taken from the AMBER FF. 32, 33 The torsion potential of the SKS FF had been taken from the optimized potentials for liquid simulation (OPLS) FF. 34 The FF is described in detail in the Supporting Information (Table S1 ). The nonbonded interactions between 1 and 2, 1 and 3, and 1 and 4 neighbors were excluded, and other nonbonded interactions were truncated by a cubic spline cutoff function defined as 1 for r < 13.8 Å, 0 for r > 14.3 Å, and decreasing smoothly in between. The off-diagonal vdW parameters between CH 2 and CH 3 are given by the geometric means of the diagonal terms:
FF for the Backbone of the Inhibitor.
The FF for the acrylate backbone was mostly taken from the OPLS FF developed for liquid methyl acetate 35, 36 except for the modifications described below. Again, the FF is described in detail in the Supporting Information (Table S2 and Figures S1 and S2).
Atomic charges of the acrylate backbone (-CHCOO-) were refined by ab initio quantum mechanics (QM) calculation (HF/ 6-31G**; Jaguar, version 3.5) 37,38 on a model compound representing the acrylate group, (CH 3 ) 2 CHCOOCH 2 CH 3 ( Figure  S1a,b) . The resulting atomic charges were reasonably similar to those used in the OPLS FF ( Figure S1c) .
The force constants for bond stretching, angle bending, and inversion, which are not in the original OPLS FF, were taken from the AMBER FF ( Figure S2b,c) . 32, 33 The torsion FF was refined to reproduce the QM torsion potential curves (HF/6-31G**) on small model compounds such as (CH 3 CH 2 ) 2 CHCOOCH 3 , (CH 3 ) 2 CHCOOCH 2 CH 3 , and CH 3 -COOCH 2 CH 2 CH 3 ( Figures S3 and S4 ). The details are described in the Supporting Information (Section S2).
Simulation Results: Each Piece
Oil Bath (Pure Oil).
The oil bath was modeled by a periodic cell of liquid-phase n-C 7 [n-C 7 (l)] at 293 K ( Figure  3a) . The simulation temperature was set to 293 K (20°C), consistent with the wax-forming temperature in wax deposit experiments on a cold finger. The experimental runs typically are done under the following conditions: the oil temperature is 18-35°C, the cold finger temperature is 10-18.5°C, and the wax deposit starts to block pipes at 15-17°C. 23 The initial unit cell was built as a cubic box of 37.75 Å on each side, which contains 221 n-C 7 molecules at its experimental density at 293 K, 0.6838 g/cm 3 . 26, 39 This size of the unit cell is large enough to immerse a fully extended conformation of model inhibitor and/or model wax molecule without any extrusion out of the cell. The initial torsion angles of 221 n-C 7 molecules at 293 K were assigned randomly on the basis of the three-state rotational isomeric states (RIS) model of n-alkanes: 0.0 kcal/ 
mol at 180°(trans; t) and 0.72 kcal/mol at 60°and 300°(gauche; g + and g -) (Figure 3b ). 34 The bath was then subjected to the NVT MD simulations for 100 ps and then NPT simulation for 400 ps in a time step of 1 fs. All the simulations were carried out using Cerius2 software. 40 The potential energy (PE) profile along the simulation time (Figure 4) , especially the backward average profile shown in Figure 4c , shows that the oil bath was equilibrated by 270 ps. Thus, properties such as density, molar heat of vaporization (∆H vap ), and solubility parameter (Table 2) were calculated by taking averages over the final 125 ps of the NPT simulation after the 275-ps equilibration period. The error of each property was estimated from the standard deviation between four block averages taken every 25 ps.
The 3 (298 K). 26, 39 The PE averaged to -2.89 ( 0.02 kcal/mol per chain [E(l)]. In combination with the average PE of a single chain of n-C 7 in the gas phase (E(g); 5.4 ( 0.3 kcal/mol from 150-ps MD after 50-ps equilibration), this leads to ∆H vap [n-C 7 -(l)] of 8.9 (0.3 kcal/mol from the relation where P∆V ≈ PV m (g) ) RT ) 0.58 kcal/mol at 293 K. This is in agreement with the experimental value of 8.74 ( 0.01 kcal/ mol (298 K). 25, [41] [42] [43] The solubility parameter (or Hildebrand parameter) is defined as 26, 39 where c is the CED, -U m is the molar internal energy (the molar PE of a material relative to the ideal vapor at the same temperature (that is, ∆H vap -RT), and V m is the molar volume. The average V m of 248.0 Å 3 was obtained by dividing the average cell volume by 221, the number of chains in a unit cell. This resulted in a solubility parameter of 15.2 MPa 1/2 , in agreement with the experimental value of 15.1 MPa 1/2 (298 K). 26, 39 In order to check the reproducibility of the simulation, two separate oil baths were built from the same three-state RIS ratio as used above. The unit cell size for those baths was set to 37.96 Å on each side on the basis of the volume obtained from the NPT simulation. These baths were then independently subjected to NVT simulation for 600 ps, and the averages were taken during the last 300 ps after a 300-ps equilibration period. The error was estimated from the standard deviation between three block averages taken every 100 ps. The resulting average pressures were satisfactorily low (-0.0004 ( 0.0011 and -0.0007 ( 0.0019 GPa). The average PEs from both simulations were essentially the same (-2.89 ( 0.01 and -2.90 ( 0.02 kcal/mol/chain, which we averaged to -2.89 ( 0.02 kcal/ mol/chain or -639 ( 5 kcal/mol/cell), showing good reproducibility.
Initial Wax Aggregate (Pure Soft Wax).
We assumed an initial soft wax aggregate to be a bath of long n-alkane chains with a liquid-like, random packing (which we call "amorphous wax" below). This amorphous wax phase was modeled with a periodic bath of liquid-phase n-C 32 [n-C 32 (l)].
The initial unit cell was built as a cubic box of 26.42 Å on each side, which contained 20 n-C 32 chains at the experimental liquid-phase density of n-C 32 at 293 K, 0.8124 g/cm 3 . 26 The initial torsion angles at 293 K were randomly chosen according to the same three-state RIS ratio. Again, to ensure reproducibility, three unit cells were built separately and submitted to independent runs: a minimization first and then to an NVT MD simulation at 293 K for 400 ps. The properties were averaged over the final 300 ps after the 100-ps equilibration, and the standard deviations were taken between the final three 100-ps block averages. The average PEs of these three runs are close enough to each other: -67 ( 3, -64 ( 2, and -62.1 ( 0.6 kcal/mol. The second cell with a mid-value of 〈PE〉 (-64 ( 2 kcal/mol) was chosen and subjected further to an NPT MD simulation for 400 ps. The average properties were estimated in the same way. 
The final snapshot after the NPT simulation is shown in Scheme 3 (upper left). The average density was estimated as 0.816 ( 0.003 g/cm 3 , in agreement with the experimental value (0.8124 g/cm 3 ). 26 The average PE was estimated as -64 ( 5 kcal/mol/unit cell or (Table 3a) .
The trans-to-gauche (t/g) ratio of torsion angles was calculated as 67:33, which lies within the normal range of liquid or liquidlike n-alkanes. 45, 46 3.3. Crystalline Wax (Pure Hard Wax). We assumed the problematic hard wax to be a crystalline wax after an ordering transformation of the amorphous wax aggregate. The crystalline wax was modeled with a periodic cell of ordered n-C 32 chains.
The initial unit cell was built from the 8 × 2 × 1 supercell of the monoclinic crystal structure of n-C 32 [n-C 32 (cr); a ) 5.57 Å, b ) 7.42 Å, c ) 43.26 Å, ) 119.3°; space group P2 1 /a; two chains per cell; density F ) 0.9604 g/cm 3 ]. 47 It had 32 n-C 32 chains in each unit cell. It was subjected to minimization, then to a 100-ps NVT MD simulation, and then finally to a 200-ps NPT MD simulation at 293 K. Properties were averaged for 150 ps after a 50-ps equilibration period, and the error of each property was estimated as the standard deviation between the final three 50-ps block averages.
The final snapshot of the NPT simulation is shown in Scheme 3 (upper right). The average density was estimated as 0.9556 ( 0.0002 g/cm 3 , again in agreement with the experimental value at 293 K (0.9604 g/cm 3 ). 47 The average PE was estimated as -770 ( 2 (Table 3b ).
The increase of the CED from the amorphous value was estimated to be as large as 95.5% (Table 3a to 3b).
Oil Bath with an
Inhibitor. An initial syndiotactic PAA1 homopolymer was built in the ideal all-trans conformation, and then the initial torsion angles were randomly assigned at 293 K according to the RIS table determined from the FF described in Section 2. Two separate initial structures were built, and each was submitted to the MD simulation in the gas phase for 800 ps. Both gas-phase simulations ended up with the inhibitor in a very compact and globular structure, consistent with a maximum in the intramolecular contacts ( Figure 5, gray) . Over 400 ps after a 400-ps equilibration, the Connolly surface area of PAA1 was averaged to 2116 ( 78 Å 2 , and the PE was averaged to 202 ( 4 kcal/mol. Then, the final gas-phase structures were independently immersed into the n-C 7 oil bath using the insertion scheme shown in Scheme 4, 48 which helps to avoid the overlap between solute (PAA1) and solvent molecules (221 n-C 7 molecules).
Step 1. The n-C 7 bath is first expanded into a cell 10 times larger in each cell parameter to yield enough space to accommodate the solute without overlap.
Step 2. PAA1 is then inserted at the center of the cell.
Step 3. The cell is scaled down gradually (in four steps) toward the target volume, giving the right density [∼0.6838 g/cm 3 of n-C 7 (l)]. 26, 39 At each step, the solute is minimized and equilibrated with fixed solvent molecules around it.
Step 4. At the final target volume, the whole cell is minimized and equilibrated.
Step 5. It is subjected to an NPT simulation or to an NVT simulation after adjusting the volume so that it gives an average pressure of zero.
The final structures were submitted to the annealing dynamics simulation up to 793 K and then NVT dynamics at 293 K for 460 ps. The backward average profile of PE (Figure 6) shows the bath has been well equilibrated through this procedure. The 
In parentheses are given the relative CED values with respect to that of the amorphous n-C32(l) phase. The increase from c to d is not as big as the increase from a to b. The representative snapshot ( Figure 5, green) shows that the inhibitor tends to extend its conformation (open up) in the n-C 7 bath. The Connolly surface area of PAA1 is 3464 ( 72 A 2 in the n-C 7 bath (averaged over 160 ps after a 300-ps equilibration), and this is larger by 64% than its gas-phase value. This is the result of replacing vdW interaction between hydrocarbon chains by favorable interactions with neighboring solvent molecules without folding the inhibitor itself. The backbone attained a helical conformation, and the side chains were arranged in a spiral fashion. Intramolecular interactions between long alkyl chains were not particularly observed.
3.5. Amorphous Wax with an Inhibitor. PAA1 was taken out of the final structure in an n-C 7 oil bath and immersed into the final structure of a pure soft wax phase using the same insertion scheme described in Section 3.4. The composite phase was subjected to a minimization, a 100-ps NVT MD, and then a 400-ps NPT MD simulation at 293 K.
The final snapshot is shown in Scheme 3 (lower left). The amorphous wax with PAA1 in it does not look very different from the pure amorphous wax. The PE was averaged to -82 ( 9 kcal/mol. Combining this with the average PEs of gasphase PAA1 and n-C 32 (202 ( 4 and 28.2 ( 0.8 kcal/mol, respectively), the enthalpy of vaporization of the composite cell is estimated as 860 ( 10 kcal/mol from the definition Combining this result with the average volume of the unit cell (24156 ( 73 Å 3 ), this leads to a CED of 244 ( 3 MPa [) (351 ( 4) × 10 -4 kcal/mol/Å 3 ] (eq 3). The CED of this composite system is not very different (3% increase) from the CED of the pure amorphous wax (Table 3 , a to c), indicating essentially no disruption by the inhibitor at the initial soft stage of the wax aggregate.
3.6. Crystalline Wax with an Inhibitor. PAA1 was also immersed into the final structure of pure crystalline wax phase. The composite phase was subjected to a minimization, a 100-ps NVT MD, and then a 400-ps NPT MD simulation at 293 K.
The final snapshot is shown in Scheme 3 (lower right). Contrary to an inhibitor in the amorphous wax, an inhibitor inside the crystalline wax perturbed the ordered crystal structure a great deal. From the PE averaged to -395 ( 7 kcal/mol, the enthalpy of sublimation for the composite cell is estimated as 1519 . Thus, at least from the enthalpic point of view, the inhibitor should be favorably incorporated from the oil phase into the wax phase in the early-stage (amorphous, liquid-like, soft wax) aggregates, getting ready to perturb it later on.
Perturbation by the Inhibitor.
The driving force of the crystallization of wax is closely related to the amount of the CED gain during the transformation from the amorphous phase to the crystalline phase. As summarized in Scheme 3 and Table  3 , whereas the CED of pure wax (pure n-C 32 ) is 95% higher in the crystalline phase than in the amorphous phase (Table 3 , a to b), the CED of wax in the presence of an inhibitor (PAA1) inside is only 28% higher in the crystalline phase than that in the amorphous phase (Table 3 , c to d). This is the result of a partially ordered crystalline phase in the presence of the inhibitor. This result implies that, once an inhibitor is incorporated into the amorphous (soft) wax phase, the crystallization of this soft wax into the more problematic hard wax, having lost a big portion of the driving thermodynamic enthalpy, could be delayed significantly.
4.3. Release of Inhibitor from Hard Wax. Contrary to the incorporation into an amorphous wax, the incorporation of an inhibitor (PAA1) from oil [n-C 7 (l)] into crystalline wax [n-C 32 -(cr)] requires a huge amount of energy (344 ( 14 kcal/mol; Table 4b ), obviously because the presence of the inhibitor disrupts the energetics of the high ordering of the pure crystalline wax. The inhibitor appears to be more stable in the oil phase rather than in the crystalline wax phase, and thus it should be eventually released out of the wax crystal. Thus, although the crystallization of wax could be delayed by the presence of inhibitors, the inhibitors will be released back into the oil phase, leaving the crystalline wax behind in the long run.
On the basis of these results, we suggest that the role of the comb-like wax inhibitors could be only to delay the crystallization of wax, increasing the chance that the soft wax can be wiped out in the meantime by the streamflow in the pipes. The inhibitor is unable to completely stop the crystallization process.
Recently we conducted some experimental work to confirm this hypothesis. In general, the inhibition efficiency decreases with time. 
Summary
We used MD simulation techniques to investigate the molecular-level behavior of a wax inhibitor (modeled by PAA1, a model of PODA) in oil (modeled by 221 n-C 7 chains) and in wax (modeled by 20-32 n-C 32 chains) at a wax-forming temperature in search for plausible molecular-level mechanisms of wax inhibition. We found that the comb-like inhibitor in oil and in amorphous wax prefers an open, extended, spiral conformation rather than a compact one, which would have the most favorable interaction with the oil solvent. Consequently, the incorporation of this inhibitor from the oil phase into an amorphous soft wax phase is expected to be favorable, leading to a negative (exothermic) incorporation energy. However, this bulging conformation of the inhibitor makes it a significant perturbation inside a well-ordered crystalline wax phase, leading to a much lower CED than that for a pure wax crystal. This leads to the incorporation-perturbation mechanism of wax inhibition, in which the presence of an inhibitor favorably incorporated into an amorphous soft wax phase dramatically reduces the tendency for the ordering transformation of the soft wax into a crystalline hard wax, delaying the transformation.
This suggests that, in designing effective wax inhibitors, one should use a comb-like structure in which the side arms are of such a length as to interact favorably with the fraction of the oil most likely to crystallize into the hard wax phase. Our experimental studies suggest that, for a typical oil in which the molecular weight of the dominant components corresponds to ∼C 26 -C 32 , the composition of the hard wax components tend to correspond to ∼C 50 -C 62 . In this case, our simulations suggest that the optimum side chain on the comb-like inhibitor should correspond to ∼C 28 (28 ) 56/2) with a spacing along the backbone of approximately three carbons. It might be good to have some variation in the side chain lengths, say 25 to 31 in the above case.
